Resch JM, Maunze B, Gerhardt AK, Magnuson SK, Phillips KA, Choi S. Intrahypothalamic pituitary adenylate cyclase-activating polypeptide regulates energy balance via site-specific actions on feeding and metabolism. Am J Physiol Endocrinol Metab 305: E1452-E1463, 2013. First published October 22, 2013; doi:10.1152/ajpendo.00293.2013.-Numerous studies have demonstrated that both the hypothalamic paraventricular nuclei (PVN) and ventromedial nuclei (VMN) regulate energy homeostasis through behavioral and metabolic mechanisms. Receptors for pituitary adenylate cyclase-activating polypeptide (PACAP) are abundantly expressed in these nuclei, suggesting PACAP may be critical for the regulation of feeding behavior and body weight. To characterize the unique behavioral and physiological responses attributed to select hypothalamic cell groups, PACAP was site-specifically injected into the PVN or VMN. Overall food intake was significantly reduced by PACAP at both sites; however, meal pattern analysis revealed that only injections into the PVN produced significant reductions in meal size, duration, and total time spent eating. PACAP-mediated hypophagia in both the PVN and VMN was abolished by PAC1R antagonism, whereas pretreatment with a VPACR antagonist had no effect. PACAP injections into the VMN produced unique changes in metabolic parameters, including significant increases in core body temperature and spontaneous locomotor activity that was PAC1R dependent whereas, PVN injections of PACAP had no effect. Finally, PACAP-containing afferents were identified using the neuronal tracer cholera toxin subunit B (CTB) injected unilaterally into the PVN or VMN. CTB signal from PVN injections was colocalized with PACAP mRNA in the medial anterior bed nucleus of the stria terminalis, VMN, and lateral parabrachial nucleus (LPB), whereas CTB signal from VMN injections was highly colocalized with PACAP mRNA in the medial amygdala and LPB. These brain regions are known to influence energy homeostasis perhaps, in part, through PACAP projections to the PVN and VMN.
PITUITARY ADENYLATE CYCLASE-ACTIVATING polypeptide (PACAP) is a key regulator of several hypothalamic systems, including stress (1), osmoregulation (17) , thermoregulation (21) , and body weight (27) . PACAP was first discovered to influence energy homeostasis through inhibition of feeding in mice following a single intracerebroventricular (icv) injection of the peptide (39) . These results combined with reports of dietspecific alterations of PACAP mRNA expression in the hypothalamic ventromedial nuclei (VMN) suggest that PACAP is responsive to nutritional status and directly tied to metabolic systems linked to energy expenditure (27, 40) . In addition to reducing food intake, icv administration of PACAP modulates autonomic nerve activity (55) as well as hepatic glucose production (60) . As a ligand, PACAP binds to three different G protein-coupled receptors, the PAC1 receptor (PAC1R), and the receptors originally discovered as targets of vasoactive intestinal polypeptide (VIP), VPAC1R and VPAC2R (10) . Although PACAP stimulates all three receptor subtypes, it has the highest affinity for the PAC1R, whereas VIP is less likely to utilize the PAC1R due to its low binding affinity compared with the VPACRs (18, 34) .
While PACAP regulation of body weight has been examined, previous studies have largely depended on either indiscriminant pharmacological icv injections of ligands or transgenic mouse lines that produce global gene knockouts that cannot isolate contributions of PACAP signaling to discrete brain regions. Moreover, PACAP and PAC1R knockout mice are often accompanied by complications such as lethality, low birth weight, and temperature sensitivity (20, 21, 47) . Due to the limited availability of conditional PACAP transgenics, site-specific injections of PACAP and related pharmacological agents directly into discrete hypothalamic nuclei are necessary to selectively investigate the role of PACAP signaling within the hypothalamus.
Recently, we reported that site-specific injections of PACAP isolated to the VMN reduce food intake as well as increase core body temperature and locomotor activity (50) . Despite abundant PACAP receptor expression in several different hypothalamic nuclei, little attention has been given to other hypothalamic cell groups with regard to PACAP's effects on food intake and body weight. In the few studies that have examined PACAP in the hypothalamus, the paraventricular nuclei (PVN) are reported to show PACAP terminal immunoreactivity (9, 35) , and following direct administration of PACAP into the PVN changes in grooming behavior (44) and hepatic glucose production are observed (60) . However, these studies did not report on PACAP-induced changes in feeding or body weight. Given that PVN lesion studies demonstrate an imperative role for this area of the hypothalamus in the regulation of energy balance (36) , and both the PVN and PACAP have been linked to melanocortin signaling involved in control of body weight (4, 40) , further examination of the relationship between PACAP signaling and PVN-mediated energy homeostasis is warranted.
To examine the effects of PACAP signaling in the hypothalamus on food intake and energy expenditure, we have executed site-specific PACAP injections in two hypothalamic nuclei, the PVN and the VMN. Despite the fact that loss of function in either of these nuclei produces obesity (7), the resulting physiology and behaviors suggest that the PVN and VMN are differentially responsive to PACAP, especially in terms of energy expenditure. Finally, using neuronal tracing, we examined PACAP-expressing circuits that could provide likely sources of PACAP release into these regions of the hypothalamus.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Harlan, Madison, WI) weighing 225-250 g were individually housed in a climate-controlled room with a 12:12-h light-dark cycle. Animals had free access to Harlan standard diet (8604 formulation) and water. Food consumption was measured with a BioDAQ Food Intake Monitor (Research Diets, New Brunswick, NJ) or calculated by preweighing food in each bin and subtracting the weight of noningested and spilled food at the end of each measurement period. All procedures using animals were approved by the Marquette University Institutional Animal Care and Use Committee.
Surgery
Animals were anesthetized with a ketamine-xylazine-acepromazine (77:1.5:1.5 mg·ml Ϫ1 ·kg ip) cocktail and placed in a stereotaxic apparatus. Bilateral guide cannulae (26 gauge; Plastics One, Roanoke VA) were placed 3 mm dorsal to the target site in all animals and secured to the surface of the skull with an acrylic resin. The stereotaxic coordinates for the PVN injection site were anterior/posterior, Ϫ1.7 mm from bregma; medial/lateral, Ϯ 0.5 mm from midline; dorsal/ ventral, Ϫ4.9 mm, and for the VMN anterior/posterior, Ϫ2.5 mm from bregma; medial/lateral, Ϯ 0.6 mm from midline; dorsal/ventral, Ϫ6.2 mm from surface of the skull based on The Rat Brain in Stereotaxic Coordinates, 6th Edition (48) . Injectors extended 3 mm past the ventral tip of the cannulae reaching an injection site of Ϫ7.9 mm for PVN and Ϫ9.2 mm for VMN ventral from the surface of the skull. The upper incisor bar was positioned Ϫ3.3 mm below horizontal zero. A bilateral dummy stylet placed in the guide cannulae was used to maintain patency. The animals were given at least 5 days to recover after cannula installation before receiving drug or vehicle injections, during which time the animals were handled and dummy stylets were removed and replaced daily to acclimate the animals to the physical handling necessary during experiments. Correct cannula placements were confirmed at the conclusion of each experiment by microscopic examination of Nissl-stained sections, and only those with correct placement were included in the studies.
Microinjections and Injection Spread
In all experiments, PACAP (50 pmol/0.25 l per side; PACAP38; California Peptide Research, Napa, CA), VIP (50 pmol/0.25 l per side; California Peptide ResearchA), maxadilan (50 pmol/0.25 l per side; a generous gift from Dr. Ethan Lerner), PACAP(6 -38) (500 pmol/0.25 l per side; Anaspec, Fremont, CA), VIP(6 -28) (500 pmol/0.25 l per side; Bachem, Torrance, CA), or saline vehicle was microinjected through bilateral guide cannulae over ϳ2 min in awake animals while being gently restrained. Following each injection, an additional minute elapsed before removing injectors to minimize backflow of injected material. The optimal injection volume and subsequent spread within the VMN were determined previously (50) , and the same procedure was used for PVN injection spread analysis. Briefly, biotinylated PACAP (50 pmol/0.25 l per side; PACAP38-biotin, Anaspec) was injected into the PVN or VMN. One hour following biotinylated PACAP injections, animals were perfused with 0.9% NaCl and 4% paraformaldehyde in phosphate-buffered saline, and brains were removed. Brain sections containing the injection sites and surrounding areas were then immunohistochemically stained using a primary antibody against biotin. Immunohistochemical signal was then compared with the cresyl violet staining of adjacent sections to determine surgical accuracy and the spread of the biotinylated PACAP injection within the target injection site.
Experiments
Feeding behavior. Animals were weighed daily and acclimated to the BioDAQ Food Intake Monitor for at least 7 days before the onset of the experiment. On the experiment day, ϳ1 h prior to lights off, rats were injected bilaterally with vehicle or 50 pmol PACAP. Feeding measurements were collected for the next 24 h, as well as a final measurement of body weight at 24 h postinjection. For BioDAQ meal pattern analysis, the data were analyzed over the first 6 h postinjections to determine latency to meal onset, meal amount and duration, and eating rate. Meals were defined as food intake of 0.2 g or more with less than 15 min elapsing between feeding bouts (13, 14) . For studies involving antagonism of PACAP receptors, rats were bilaterally pretreated with saline, PACAP(6 -38) (500 pmol/0.25 l per side, Anaspec) or VIP(6 -28) (500 pmol/0.25 l per side, Bachem). PACAP(6 -38) is a widely used PAC1R antagonist; however, it also has antagonistic properties at the VPAC2R (19, 27, 40, 52) , and VIP(6 -28) is reported to be a potent nonselective VPAC receptor antagonist (16, 38, 54) shown to be effective in the hypothalamus (28) . Five minutes later, rats received a second bilateral injection of either saline or 50 pmol PACAP followed by subsequent physiological and behavioral measurements.
Thermogenesis and spontaneous locomotor activity. At the time of cannulation surgery, some animals were also implanted intraperitoneally with telemetry probes (Mini-Mitter, Sunriver, OR) to record core body temperature and spontaneous locomotor activity while the animals were in their home cage. For telemetry experiments, rats received bilateral injections of saline or 50 pmol PACAP at the onset of the light cycle and were placed back into their home cage, which was positioned over a receiver platform. Telemetric data for core body temperature and spontaneous locomotor activity were collected remotely every 5 min. Core body temperature data were averaged by the hour, and spontaneous locomotor activity data were summed to give cumulative activity over a specified amount of time.
Glucose, pancreatic hormone, and triglyceride measurements. Blood was collected via tail vein before and after injections of saline or PACAP into the PVN or VMN in tubes containing EDTA and then immediately chilled on ice until centrifugation. Plasma was then collected and stored at Ϫ20°C until processing of samples. Glucose measurements were performed via a glucose oxidase colorimetric assay (Sigma-Aldrich, St. Louis, MO). Insulin and glucagon levels were measured by radioimmunoassay (Millipore, Billerica, MA). For triglyceride measurements, interscapular brown adipose tissue (BAT) was harvested 3 h postinjections into the VMN and snap-frozen in liquid nitrogen. BAT was homogenized in radioimmunoprecipitation assay buffer (Boston BioProducts, Ashland, MA) containing protease inhibitor cocktail (Roche, Indianapolis, IN). Triglyceride content of BAT was measured using a colorimetric assay (Sigma-Aldrich) and normalized to protein concentration using the DC protein assay (Bio-Rad, Hercules, CA).
In Situ Hybridization
Brains were sectioned coronally at 12 m using a cryostat, thawmounted onto electrostatically clean slides, and stored at Ϫ80°C until postfixed. Prior to hybridization, sections were postfixed in 4% paraformaldehyde, rinsed in 0.1 M PBS (pH 7.4), equilibrated in 0.1 M triethanolamine (pH 8.0), and acetylated in triethanolamine containing 0.25% acetic anhydride. Standard in vitro transcription methods were used to generate both sense and antisense riboprobes recognizing VGLUT2 (Cullinan, Milwaukee, WI), PACAP, VPAC2R, and PAC1R transcripts (Choi, Milwaukee, WI), which were subsequently diluted in hybridization cocktail (Amresco, Solon, OH) with tRNA. Sections were hybridized overnight at 55°C with either digoxigenin (DIG) or fluorescein (FITC)-labeled riboprobes. After hybridization, slides were treated with RNase A and stringently washed in 0.1ϫ SSC at 65°C (PACAP and VGLUT2) or 0.5ϫ SSC at 65°C (VPAC2R and PAC1R) for 30 min. Slides were then incubated with an antibody against DIG or FITC conjugated to horseradish peroxidase (HRP; Roche) overnight at 4°C. Riboprobe signal was further enhanced using the TSA-Plus fluorophore system with either fluorescein or Cy3 (PerkinElmer; Waltham, MA). Image capture was performed using fluorescent microscopy (Axioskop-2; Zeiss, Thornwood, NY) and Axiovision image analysis software (Zeiss).
Tract Tracing and Immunohistochemistry
For PVN and VMN tract tracing experiments, 0.1 l (PVN) or 0.2 l (VMN) of biotinylated cholera toxin subunit B was stereotaxically microinjected over 10 min, and injectors were left in place for an additional 5 min before removal. Seven days later, animals were euthanized and brains were collected. Brains were sectioned by cryostat at 12 m and prepared for PACAP or VGLUT2 fluorescent in situ hybridization as described above. Following in situ hybridization, slides were then probed with a primary antibody against biotin (goat anti-biotin; Vector Labs, Burlingame, CA) overnight at 4°C, and the antibody signal was visualized using a donkey anti-goat Alexa fluor 594-conjugated secondary antibody (Life Technologies, Grand Island, NY). Upon completion of fluorescent staining, representative sections from regions containing both PACAP signal from in situ hybridization and CTB immunolabeling were counted for total number of CTB-positive cells and the number of CTB-positive cells also expressing PACAP mRNA.
Biotinylated PACAP injection spread was visualized following standard free-floating immunohistochemical techniques. Floating coronal sections were incubated in primary antibody against biotin for 24 h at 4°C. After a washing in PBS, sections were incubated in biotinylated secondary antibody (Vector Labs) for 1 h at room temperature. Following a second wash, sections were incubated in a peroxidase-based avidin-biotin solution using the Vectastain Elite ABC kit (Vector Labs) for 1 h at room temperature. Immunohistochemical staining was visualized using a nickel-enhanced 3,3=-diaminobenzidine (DAB) chromogen solution. 
Statistics
Data are presented as means Ϯ SE and were analyzed statistically by analysis of variance (with repeated measures when appropriate). Fischer LSD analysis was used for all post hoc group comparisons. Statistical analyses were performed using Sigma Plot 11 software (Systat Software, San Jose, CA). P values Ͻ 0.05 were considered statistically significant.
RESULTS
To assess diffusion of PACAP microinjections into our target nuclei, we injected a biotinylated PACAP peptide to simulate behavioral experiments followed by histological analysis of injection sites. Following immunohistochemical detection of the biotinylated PACAP (Fig. 1) , we confirmed that peptide injection volumes were appropriate and did not diffuse outside of the PVN and VMN. Our prior studies had indicated that bilateral PACAP injections of 50 pmol into the VMN significantly decreased food intake (50) , but the effects of PACAP injections into the PVN on food intake have yet to be reported. We performed feeding behavior experiments under free-feeding conditions starting at ϳ1 h prior to lights off following saline or PACAP injections into the PVN and compared subsequent responses to PACAP-induced hypophagia in the VMN. Feeding behavior in both PVN and VMN animals treated with PACAP showed significant main effects by twofactor repeated-measures ANOVA (treatment P Ͻ 0.01, time P Ͻ 0.001, interaction P Ͻ 0.05). Multiple comparison analysis performed at 1, 3, and 5 h postinjection resulted in significant differences at 3 (PVN, P Ͻ 0.001, VMN, P Ͻ 0.01) and 5 h (PVN, P Ͻ 0.001, VMN, P Ͻ 0.001) compared with controls (Fig. 2, A and C) . Body weight following the injection day was also significantly decreased, with PVN PACAPtreated animals losing 3% (Fig. 2B , P Ͻ 0.001) and VMN PACAP treated animals losing 2% ( Fig. 2D , P Ͻ 0.05) of their preinjection body weight.
To better characterize the hypophagia produced by hypothalamic PACAP signaling, we evaluated meal patterns from the experiment shown in Fig. 2 (Table 1) . PVN injections of PACAP significantly decreased meal size (1st meal P Ͻ 0.05, 2nd meal P Ͻ 0.01), meal duration (1st meal P Ͻ 0.01, 2nd meal P Ͻ 0.01), average meal size (P Ͻ 0.01), time spent eating (total time, P Ͻ 0.05, %time, P Ͻ 0.05), and rate of eating (P Ͻ 0.01), while also increasing the time it took to initiate the first meal (1st meal P Ͻ 0.05, 2nd meal P ϭ 0.375). In contrast, PACAP administration into the VMN produced a decrease only in the rate of eating (P Ͻ 0.05) and increased the latency to initiate the first meal (1st meal P Ͻ 0.05, 2nd meal P ϭ 0.863). Although PACAP-treated animals ate less, neither PVN-nor VMN-injected animals showed significantly altered 24-h intake.
Both the PVN and VMN are hypothalamic regions known to regulate peripheral glucose as well as feeding behavior (29, 56) . Similarly, central PACAP has been implicated in glucose homeostasis (60) . The effect of PACAP infusion into the PVN or VMN on plasma glucose was assessed in animals fasted overnight (Table 2) . PACAP administration in both the PVN and VMN produced significant increases in plasma glucose concentrations (PVN P Ͻ 0.05, VMN P Ͻ 0.05). Next, in nonfasted animals, we analyzed insulin and glucagon levels to assess the effects of PACAP on pancreatic hormone secretion. Neither PVN nor VMN injections of PACAP significantly altered pancreatic hormone levels, although insulin did show a trend to decrease with PACAP injections into the VMN (P ϭ 0.11).
The diversity of effects that PACAP produces physiologically and behaviorally may be due to its multiple receptor subtypes, and the anatomic distribution of specific receptor expression. Fluorescent in situ hybridization revealed that the VPAC2R and PAC1R in the hypothalamus each have distinctive expression patterns (Fig. 3 ). VPAC2R mRNA expression was abundant in the central dorsomedial nuclei (DMN) and the medial PVN, whereas VPAC2R expression in the VMN and arcuate (ARC) was not detected. On the other hand, PAC1R mRNA expression was much more widely distributed, with abundant expression found throughout the hypothalamic nuclei, including PVN, DMN, VMN, and ARC nuclei. Furthermore, the wide distribution of PAC1R mRNA expression may represent expression in both glial and neuronal cell types (15) .
Sense probes did not show any signal for either receptor probe (data not shown).
Due to the expression of multiple PACAP receptors in the hypothalamus, we assessed the involvement of PAC1 and VPAC receptors in the regulation of feeding behavior by administering receptor antagonists prior to PACAP injections. Pretreatment with VIP(6 -28) did not alter the suppression of feeding behavior produced by PACAP in either the PVN or the VMN compared with controls (Fig. 4, A and C) . However, administration of PACAP(6 -38) completely reversed the effects of PACAP administration into the PVN at both 3-(P Ͻ 0.05) and 5-h (P Ͻ 0.01) time points (Fig. 4B) . Similarly, pretreatment with PACAP(6 -38) blocked the effects of PACAP administration into the VMN at both 3 (P Ͻ 0.05) and 5 h (P Ͻ 0.001) postinjection ( fig. 4D) .
To gain further insight as to how central PACAP signaling impacts body weight regulation, we examined its effects on behaviors relevant to energy expenditure, namely thermogenesis and spontaneous locomotor activity. These telemetric experiments were similar to the feeding studies except they were performed at the onset of the light phase, when core body temperature is at its circadian trough. Surprisingly, PACAP infusion into the PVN had no effect on either core body temperature (Fig. 5, A and B) or activity (Fig. 5, C and D) compared with saline-treated controls. By contrast, animals that were injected with PACAP into the VMN displayed marked and long-lasting increases in both temperature (Fig. 5 , A and B, P Ͻ 0.05) and activity (Fig. 5 , C and D, P Ͻ 0.01) compared with saline-treated controls.
In the VMN, PACAP(6 -38) significantly attenuated the increased thermogenesis produced by PACAP administration alone from 2-5 h postinjection (Fig. 6 , A and B, P Ͻ 0.05). Additionally, interscapular BAT (iBAT) triglyceride content per milligram of protein at 3 h postinjection into the VMN was significantly decreased (Fig. 6C , P Ͻ 0.05). Although PACAP(6 -38) only attenuated the effects of PACAP-induced thermogenesis, we used agonists for the VPAC and PAC1 receptors, VIP and maxadilan, respectively, to confirm the specific involvement of PAC1R receptors. As predicted, VIP injections into the VMN did not affect body temperature (Fig.  6, D and F) , whereas the PAC1R-specific agonist, maxadilan, produced a large and long-lasting increase in core body temperature (Fig. 6 , E and F, P Ͻ 0.001) similar to PACAPinduced thermogenesis.
The PAC1 receptor also mediates the increased activity following PACAP infusion into the VMN. PACAP (6 -38) blocked the PACAP-induced increase in spontaneous locomotor activity (Fig. 7, A and B, P Ͻ 0.05), unlike the effect on temperature, which was only partially inhibited. Further investigation with VIP and maxadilan confirmed that the increase in locomotor activity induced by PACAP is dependent on the PAC1R. VIP did not alter activity compared with controls (Fig.  7, C and E) , whereas maxadilan produced large increases in cumulative activity compared with saline treated controls (Fig.  7, D and E, P Ͻ 0.05) .
PACAP signaling in the hypothalamus drives several behaviors leading to reduced body weight; however, PACAP-expressing afferent circuits of the PVN and VMN are not well defined. We performed tract tracing with the neuronal tracer cholera toxin subunit B (CTB), coupled with fluorescent in situ hybridization for PACAP and VGLUT2 mRNA (Figs. 8 and  9 ). VGLUT2 fluorescent in situ hybridization was used as an anatomic marker for both the PVN and VMN. One week following unilateral stereotaxic injections of CTB into the PVN and VMN, we examined the distribution of both the neuronal tracer and PACAP mRNA. CTB retrograde signal from the PVN (Fig. 8 ) was found to be colocalized, with PACAP mRNA most notably in the anterior medial bed nucleus of the stria terminalis (BNST), VMN, and lateral parabrachial nucleus (LPB). Few dual-labeled cells were also found in the medial amygdala (MeA). With the exception of the BNST, which had 56% of CTB-positive cells coexpressing PACAP mRNA, the vast majority of CTB cells in the VMN (95%) and LPB (92%) coexpressed PACAP mRNA. Retrograde CTB tracing from the VMN (Fig. 9) was abundantly colocalized with PACAP mRNA in the MeA (85%) ipsilateral to the injection site, as well as in the LPB (90%).
DISCUSSION
The present study demonstrates that site-specific PACAP injections into either the VMN or the PVN of the hypothalamus both produce long-lasting reductions in food intake as well as changes in meal patterns, altered glucose homeostasis, and significant body weight loss 24 h postinjection. Importantly, site-specific hypothalamic injections do not cause sedation or aversive effects (50) that can sometimes arise following exogenous peptide administration. Although there are multiple PACAP receptor subtypes expressed in the hypothalamus, the reduction in feeding behavior appears to be mediated primarily by the PAC1R subtype, which is in agreement with prior feeding studies (27, 40, 50) . Specifically, in both the PVN and VMN, the effects of PACAP could be blocked by the VPAC2R/PAC1R antagonist PACAP(6 -38) but not by the VPAC1R/VPAC2R antagonist VIP (6 -28) . Interestingly, only PACAP injections into the VMN produced elevated locomotor activity and core body temperature, which were also dependent on PAC1R signaling.
To specifically address the impact of PACAP signaling on feeding behavior, we placed site-specific microinjections of PACAP into both the PVN and VMN, which produced significant reductions in feeding. However, there were differences in PACAP-mediated meal pattern changes in the PVN vs. the VMN. PACAP injected into the PVN produced several alterations in meal patterns, including increased latency to meal initiation, decreased meal size, decreased meal duration, decreased time spent eating, and decreased rate of eating. In contrast, PACAP injected into the VMN produced an increase only in the latency to meal initiation, and a decrease in the rate of eating. Taken together with the cumulative food intake data, PACAP's functional role in the PVN may be more specific to the regulation of feeding behavior than its actions in the VMN. These results are consistent with loss-of-function studies involving the PVN and VMN where there is a pronounced hyperphagia in PVN-lesioned animals, while loss of function following VMN lesions produces a more modest hyperphagia often restricted to the light period (7) . In light of the current data, combined with anatomic and biochemical reports involving PACAP, stress, and the hypothalamus (1, 8, 12, 23) , it is plausible that central stress pathways may play a substantial role in the anorectic response caused by PACAP within these hypothalamic nuclei. Further investigation of stress and satiety mechanisms utilizing PACAP signaling will be important to the understanding of the role of this pleiotropic neuropeptide.
Due to the heterogeneous PACAP receptor population in the hypothalamus, and in particular the PVN, it was necessary to determine which PACAP receptor subtype mediated the effects on food intake. The most abundant and widely distributed PACAP receptor in the hypothalamus is PAC1R, with high mRNA expression in all hypothalamic mediobasal cell groups. There is little evidence for any appreciable expression of VPAC1R mRNA in the hypothalamus; however, the VPAC2R is expressed in several hypothalamic areas, including the suprachiasmatic nuclei (SCN), PVN, and dorsomedial nuclei (DMN) (58) . Expression of multiple PACAP receptor subtypes in the hypothalamus suggests that PACAP is a multifunctional neuropeptide signal that contributes to several behavioral and physiological systems. The feasibility of this concept is supported by reports linking PACAP to stress (51), anxiety (22) , feeding (27, 40, 50) , and glucose mobilization (60) , all systems that may work synergistically and converge on PACAP-enriched anatomic areas such as the hypothalamus and amygdala (25) .
We examined both the VPAC2R/PAC1R antagonist PACAP (6 -38) and the VPAC1R/VPAC2R antagonist VIP(6 -28) (16) on their ability to inhibit the effects of PACAP on feeding. Even though there are no data to support VPAC1R expression in the hypothalamus, we used VIP(6 -28) to antagonize both the VPAC1R and VPAC2R subtypes to fully eliminate the participation of the VPAC receptors (58) . Furthermore, because PACAP (6 -38) has antagonistic activity at the VPAC2 receptor, VIP(6 -28) was utilized to rule out possible contributions of VPAC2R antagonism by PACAP (6 -38) . Our findings were clear that in both the PVN and VMN pretreatment with PACAP(6 -38) prior to PACAP injection completely abolished the effects of PACAP on feeding and significantly attenuated PACAP's effects on thermogenesis and locomotor activity. While we had reported previously that the PAC1R was important for the feeding phenotype observed following PACAP injection into the VMN (50), it is worthy to note that VIP(6 -28) did not alter the effects of PACAP in the PVN on feeding behavior despite recent reports demonstrating the importance of PVN VPAC2Rs for the regulation of PACAP-induced hepatic glucose production (60) . Taken together, there may be anatomic and receptor-specific roles for PACAP in the PVN, with PAC1R governing the feeding behavior response while VPAC2R may govern the sympathetic-driven glycemic response to PACAP.
Reduction in body weight is consistently found following central PACAP injections (12, 27, 50) ; however, pair-feeding studies suggest that the body weight loss is not entirely due to decreased feeding, but rather to an increased metabolic rate (27) . Here, we find that PACAP signaling in the VMN augments core body temperature and spontaneous locomotor activity, both of which require PAC1R signaling. Furthermore, injections of the specific PAC1R agonist maxadilan in the VMN produced the same pattern of behaviors demonstrated by PACAP administration, whereas VIP injections had no effect on either temperature or activity. By contrast, stimulation of the PVN by PACAP did not significantly alter these measures of energy expenditure despite evidence of PVN regulation of sympathetic outflow to BAT (3, 46) and its control over the sympathetically driven PACAP-induced glycemic response (60) . However, these results are in agreement with reports that PVN neurons inhibit sympathetic activity to BAT (33, 37) .
VMN-injected animals exhibiting increased thermogenesis and activity also display increased iBAT UCP1 mRNA necessary for nonshivering thermogenesis 3 h postinjection of PACAP (50) , as well as decreased BAT triglyceride stores, which is consistent with increased sympathetic nerve activation and lipolysis (6, 45) . Whereas transynaptic retrograde tracing studies from the iBAT often fail to detect VMN neurons (5, 46) , there is ample evidence supporting VMN activation of BAT thermogenesis, including both VMN-specific microinjection and genetic studies (2, 30, 49, 50) . It is feasible that the VMN exerts its influences over hypothalamic structures that are labeled by transynaptic tracers from BAT such as the medial preoptic area, dorsomedial nuclei, or lateral hypothalamus (46, 61) , allowing for indirect and downstream effects on BAT thermogenesis that are not observed in more proximal polysynaptic tracing experiments. Future studies are needed to reconcile the discrepancy between the anatomical and functional studies regarding VMN-mediated BAT thermogenesis.
Hypothalamic PACAP mRNA is predominantly expressed in the VMN (24, 27) , suggesting that a prominent source of PACAP release in the PVN may originate from the VMN. In fact, much work has been done to characterize PACAP-containing afferents of the PVN, with evidence for PACAP immunolabeling of synaptic terminals (35) and expression of PACAP receptor subtypes (Fig. 4) (26, 53, 58) . Furthermore, retrograde tracing from the PVN demonstrates colabeling of neurons with PACAP immunoreactivity (9); however, results using PACAP immunohistochemistry are often difficult to interpret, since available PACAP antibodies typically have low sensitivity and require the use of colchicine and antigen retrieval methods to obtain even low numbers of immunoreactive labeling of neuronal cell bodies (9) . The current study has demonstrated that a number of known PVN afferent pathways utilize PACAP signaling including an input from the VMN. Taking into consideration the similar feeding behavior responses following stimulation of the VMN and PVN by PACAP injections, the established circuitry of glutamatergic VMN neurons projecting to the PVN (57), and the extremely high PACAP mRNA expression found in the VMN (24), it is not surprising that the VMN may contribute functionally important PACAP-expressing afferent inputs to the PVN. However, other significant sources of PACAP innervation to the PVN were found in the BNST, LPB, and sparse dual-labeling in the MeA. Although PACAP-containing cells from the LPB and MeA appear to project more extensively to the VMN, the BNST is well characterized to be a critical regulator of stress and anxiety with known inputs to the PVN and could have a potential role in PACAP-mediated hypophagia during times of stress (11, 22, 23) .
In contrast to the PVN, the circuitry of PACAP-containing afferents to the VMN are far less studied, with no prior published reports to date. While the possibility of contralateral and intrinsic PACAP signaling within the VMN still exists (32, 43) , CTB retrograde tracing following injections into the VMN robustly colabeled with fluorescent in situ hybridization signal for PACAP mRNA in two distinct regions, the MeA and LPB. Both brain regions have been strongly implicated in energy balance, so the MeA and LPB may be two distinct central pathways that converge on the PVN and VMN to manage both feeding behavior and metabolic systems. Lesions to the MeA produce hyperphagia and obesity, especially in females (31) . Moreover, the MeA is also a glucose-sensing area of the brain that may respond to states of hypoglycemia, further strengthening a connection with the wellcharacterized glucostatic role of the VMN (62) . The LPB also contributes to body weight regulation as demonstrated by the loss of GABAergic signaling to the parabrachial nuclei from agoutirelated polypeptide (AgRP) neurons of the ARC resulting in starvation (59) . Given their effect on feeding, the PVN and VMN may be significant efferent targets of the LPB whereby LPB disinhibition could lead to increased excitation of these areas and anorexia. Furthermore, the LPB are critical structures in the thermoregulation pathway (41, 42) , thereby positioning the VMN as potential downstream targets of LPB signaling that, in turn, could modulate thermogenic responses.
Perspectives and Significance
The differential response to PACAP signaling within the PVN and VMN regarding feeding, temperature, and locomotor activity may reflect an anatomic divergence segregating the PVN as the predominant sight of action for PACAP-mediated hypophagia, while PACAP stimulation of the VMN may serve primarily to stimulate energy expenditure. The distinct and widespread population of PACAP receptors in the hypothalamus enables functionally diverse signaling by PACAP. Thus, it would be intriguing to determine whether multiple subtypes of PACAP receptors are expressed on the same cell or, more importantly, at the same synapse.
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